Introduction {#s0005}
============

Gliomas are the most common type of primary brain neoplasms, accounting for approximately 30% of central nervous system tumors and 80% of all malignant brain tumors. Within this group, glioblastoma multiforme, a high-grade glioma (World Health Organization grade IV glioma) [@bb0005], [@bb0010], is characterized by elevated intratumoral heterogeneity, diffuse infiltration throughout the brain parenchyma, and resistance to traditional therapies, which inevitably leads to tumor recurrence and the demise of the patient [@bb0015]. The high rate of cancer relapse suggests that current therapies do not eradicate all malignant cells. In this regard, a subpopulation of tumor cells called cancer stem cells (CSCs) has been identified in gliomas and in many other cancers. These cells are characterized by their capacity of self-renewal and by their enriched tumorigenic potential [@bb0020], [@bb0025], [@bb0030]. Furthermore, CSCs are also known for their ability to differentiate into both rapidly proliferating progenitor-like tumor cells and more differentiated tumor cells that define the histological features of the tumor entity [@bb0035]. Importantly, CSCs appear to be more resistant towards radio- and chemotherapy than the highly proliferative progenitors that coexist within the tumor. To effectively eradicate CSCs and thus avoid cancer recurrence, it is critical to target their essential functions. Increased resistance of glioblastoma multiforme cells to radiotherapy was suggested to be due to the DNA damage response (DDR), which is preferentially activated in CSCs as compared to non-CSC counterparts [@bb0040], [@bb0045], [@bb0050].

The DDR is a network of signaling pathways that is able to sense and repair DNA lesions. The activation of DDR also modulates other cellular processes, including cell cycle checkpoint regulation and programmed cell death. DDR induces cell cycle arrest to allow repair of DNA lesions; however, if too much damage has been sustained, DDR triggers cell death to avoid the generation of deleterious mutations [@bb0055]. The progression along the cell cycle requires the activation of different cyclin-dependent kinases (CDKs). Tight CDK regulation involves CDK inhibitors (CKIs) which ensure the correct timing of CDK activation in different phases of the cell cycle. The CKIs include the INK4 family and the Cip/Kip family. In mammals, the Cip/Kip family consists of three proteins, p21^Cip1^, p27^Kip1^, and p57^Kip2^. As a critical negative regulator of the cell cycle, p21^Cip1^ binds to and inhibits both CDK/cyclin complexes and PCNA [@bb0060], [@bb0065]. Therefore, based on its capacity to block cell proliferation, p21^Cip1^ may act as a tumor suppressor [@bb0070], [@bb0075]. However, evidence has revealed novel functions of p21^Cip1^, such as the control of cell migration, regulation of apoptosis, and maintenance of stem cell pools, among others [@bb0065], [@bb0080], [@bb0085], [@bb0090]. In fact, p21^Cip1^ can acquire an antiapoptotic gain of function in the cytoplasm, pointing to a dual role for p21^Cip1^ as both a tumor suppressor and an oncogene [@bb0095], [@bb0100]. Also, p21^Cip1^ induction is essential for the onset of cell cycle arrest in DDR, giving cells time to repair critical damage [@bb0105]. Despite the absence of p21^Cip1^ in some cancer types, its overexpression or cytoplasmic localization correlates with poor prognosis in malignant tumors of the skin, pancreas, breast, prostate, ovary, cervix, and brain [@bb0090]. Similarly, p27^Kip1^ may act as a tumor suppressor through inactivation of cyclin/CDK complexes in the nucleus, but tumorigenic properties of p27^Kip1^ have also been proposed, especially when located in cytoplasm [@bb0100], [@bb0110]. Cytosolic p27^Kip1^ promotes cell proliferation via interaction with cyclin D/CDK4 [@bb0115] and cell migration via inhibition of RhoA/ROCK signaling [@bb0120]. In many cancers, p27^Kip1^ expression is reduced in the nucleus and exhibits different degrees of cytoplasmic localization [@bb0125]. High nuclear and low cytoplasmic expression of p27^Kip1^ has been associated with a better prognosis in high-grade astrocytoma [@bb0130]. Moreover, an inverse correlation between p27^Kip1^ immunoreactivity and the Ki-67 labeling index was observed in patients with malignant gliomas [@bb0135].

Although p21^Cip1^ and p27^Kip1^ were initially considered as tumor suppressors, it rapidly became clear that the situation was not so simple. It appears that the loss of the regulatory mechanisms governing Cip/Kip proteins may lead to the specific loss of its tumor suppressor function while maintaining the oncogenic ones, favoring cancer development. In this context, we wondered whether p21^Cip1^ and p27^Kip1^function as tumor suppressors or oncogenes in patient-derived glioma stem cell--enriched cell lines (GSC-ECLs) [@bb0140]. To address this issue, we investigated the role of p21^Cip1^ and p27^Kip1^ in the response of GSC-ECLs to camptothecin (CPT), a potent and specific inhibitor of eukaryotic DNA topoisomerase I that induces DNA double-strand breaks. Initially, we examined the expression pattern of p21^Cip1^ and p27^Kip1^ in five GSC-ECLs. After CPT exposure, we observed a marked increase in the expression levels of these Cip/Kips, which displayed a predominant nuclear localization. Finally, by small interfering RNA (siRNA)--mediated downregulation of both p21^Cip1^ and p27^Kip1^, we determined that these CKIs confer protection against CPT in a cell line--dependent manner. This protection may be due, at least in part, to the ability of these inhibitors to halt cell cycle progression. Therefore, the significance of cell cycle regulators in the pathobiology of these tumors is of interest, and the roles of p21^Cip1^ and p27^Kip1^ need to be elucidated further.

Materials and Methods {#s0010}
=====================

Culture of Human Glioma--Derived Cells and Treatments {#s0015}
-----------------------------------------------------

Brain tumor--derived cultures were isolated from biopsies and established as previously described [@bb0140]. GSC-ECLs were cultured in serum-free medium consisting of neurobasal medium supplemented with B27, N2, 20 ng/ml basic fibroblast growth factor (bFGF), 20 ng/ml epidermal growth factor (EGF), 2 mM L-glutamine, 2 mM nonessential amino acids, 50 U/ml penicillin/streptomycin (all from Invitrogen, Carlsbad, CA), 20 μg/ml bovine pancreas insulin, and 75 μg/ml low-endotoxin bovine serum albumin (Sigma, St. Louis, MO) and plated onto Geltrex-coated plates (10 μg/ml) (Invitrogen, Carlsbad, CA). Cells were routinely grown to confluence, dissociated using Accutase, and then split 1:2 to 1:3. Medium was replaced every 2 to 3 days. To induce differentiation, cells were cultured for 14 days in the same medium without bFGF and EGF.

To induce genotoxic stress, cells were incubated in 1 μM CPT (Sigma, St. Louis, MO). To generate nutritional stress, cells were incubated in neurobasal medium without supplements.

Reverse Transcription Polymerase Chain Reaction (RT-PCR) {#s0020}
--------------------------------------------------------

Total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA) according to manufacturer\'s instructions. cDNA was synthesized from 500 ng of total RNA using MMLV reverse transcriptase (Promega, Madison, WI). Quantitative PCR studies were carried out using SYBR Green-ER™ qPCR SuperMix UDG (Invitrogen, Carlsbad, CA). Primers used were the following: p21^Cip1^ forward 5′-ATGACAGATTTCTACCACTC-3′, reverse 5′-AAGACACACAAACTGAGAC-3′; p27^Kip1^ forward 5′-GGCTAACTCTGAGGACAC-3′, reverse 5′-TTCTTCTGTTCTGTTGGC-3′; and RPL7 forward 5′-AATGGCGAGGATGGCAAG-3′, reverse 5′-TGACGAAGGCGAAGAAGC-3′. All samples were analyzed using an ABI PRISM 7500 Sequence Detector System (Applied Biosystems, Foster City, CA) and were normalized to RPL7 gene expression.

Immunostaining and Fluorescence Microscopy {#s0025}
------------------------------------------

Cells were analyzed for *in situ* immunofluorescence. Briefly, cells were rinsed with phosphate-buffered saline (PBS) and fixed in PBS with 4% formaldehyde for 25 minutes. After two washes with PBS with 0.1% bovine serum albumin (PBSA), cells were permeabilized with 0.1% Triton X-100 in PBSA with 10% normal goat serum for 30 minutes, washed twice, and stained with the corresponding primary antibodies. Fluorescent secondary antibodies were used to localize the antigen/primary antibody complexes. Nuclei were counterstained with 4,6-diamidino-2-phenylindole (DAPI) and examined under a Nikon Eclipse TE2000-S inverted microscope equipped with a 20× E-Plan objective and a super high-pressure mercury lamp. The images were acquired with a Nikon DXN1200F digital camera, which was controlled by the EclipseNet software (version 1.20.0 build 61). The following primary antibodies were used: α-p21^Cip1^ (Cat. 556430 clone SX118) (BD Pharmingen, Becton-Dickinson, San Jose, CA), α-p27^Kip1^(sc-528) (Santa Cruz Biotechnology, Santa Cruz, CA), and α-MAP-2 (M1406) (Sigma, St. Louis, MO).

Western Blotting {#s0030}
----------------

Cells were lysed in ice-cold radioimmunoprecipitation assay buffer supplemented with a protease and phosphatase inhibitor mixture, and protein concentration was determined using Bicinchoninic Acid Protein Assay (Pierce, Rockford, IL). Equal amounts of protein were run on 12% polyacrylamide gel electrophoresis and transferred to PVDF-FL membrane (Millipore, Billerica, MA). The membrane was blocked for 1 hour in Odyssey blocking buffer (LI-COR Biosciences, Lincoln, NE) containing 0.1% Tween 20 and then incubated overnight at 4*°*C in a solution containing Odyssey blocking buffer, 0.05% Tween 20, and the corresponding primary antibodies. The membrane was washed 4 × 5 minutes with Tris-buffered saline (TBS; 20 mM Tris-HCl, pH 7.5, 500 mM NaCl) containing 0.1% Tween 20 (TTBS); then incubated for 1 hour in a solution containing Odyssey blocking buffer, 0.2% Tween 20, and IR-Dye secondary antibodies (1:20,000, LI-COR Biosciences, Lincoln, NE); and subsequently washed 4 × 5 minutes in TTBS and 1 *×* 5 minutes in TBS. Immunocomplexes were visualized using the Odyssey Infrared Imaging System (LI-COR). The following primary antibodies were used: α-p21^Cip1^ (Cat. 556430 clone SX118) (BD Pharmingen, Becton-Dickinson, San Jose, CA), α-p27^Kip1^ (sc-528) (Santa Cruz Biotechnology, Santa Cruz, CA), and α-actin (sc-1616) (Santa Cruz Biotechnology, Santa Cruz, CA). Antigen/primary antibody complexes were detected with near-infrared fluorescence-labeled IR-Dye 800CW or IR-Dye 680RD secondary antibodies (LI-COR Biosciences, Lincoln, NE).

Cell Transfection and RNA Interference {#s0035}
--------------------------------------

Cells were transfected with the corresponding siRNA using Lipofectamine RNAiMAX Transfection Reagent (Invitrogen, Carlsbad, CA) following manufacturer\'s instructions. Briefly, 2 × 10^5^ cells/well (six-well plate) were transfected with Silencer Select Negative Control \#2 (Ambion, cat. 4390846), Silencer Select Validated CDKN1A siRNA (Ambion, siRNA ID: s417), and Silencer Select Validated CDKN1B siRNA (Ambion, siRNA ID: s2838). The concentrations of siRNA used for cell transfections (2.5-5 nM) were selected based on dose-response studies.

Flow Cytometric Analysis of Cell Viability Using Propidium Iodide (PI) {#s0040}
----------------------------------------------------------------------

Single-cell suspensions were obtained by treatment with Accutase (37°C for 5-10 minutes), centrifuged at 200×*g* for 5 minutes, and resuspended in FACS buffer (2.5 mM CaCl~2~, 140 mM NaCl, and 10 mM HEPES, pH 7.4). Next, 100 μl of cellular suspension was incubated with 5 μl of PI (1 mg/ml) in PBS for 5 minutes in the dark. Cells were immediately analyzed by flow cytometry. Results were expressed as the percentage of cells that displayed PI fluorescence (nonviable) to the total number of cells processed. Fluorescence intensity was determined by flow cytometry on a BD Accuri C6 flow cytometer (BD Biosciences, San Jose, CA). Flow cytometry data were analyzed using BD AccuriC6 software.

Flow Cytometric Analysis of Bromodeoxyuridine (BrdU) Incorporation and Cell Cycle Distribution {#s0045}
----------------------------------------------------------------------------------------------

To characterize the distribution of cell populations throughout the cell cycle and the fraction of cells capable of incorporating BrdU, the *BrdU Flow Kit* (BD Biosciences, San Jose, CA) was used. After the corresponding treatments, cells were incubated with BrdU (10 μM) for 2 hours. Cultures were then processed following manufacturer\'s instructions. Fluorescence intensity was determined by flow cytometry on a BD Accuri C6 flow cytometer. Flow cytometry data were analyzed using BD AccuriC6 software.

Assessment of DNA Fragmentation {#s0050}
-------------------------------

Apoptosis was quantified by direct determination of nucleosomal DNA fragmentation with Cell Death Detection ELISA^Plus^ kit (Roche, Mannheim, Germany). This assay uses specific monoclonal antibodies directed against histones and DNA, allowing the determination of mono- and oligonucleosomes in the cytoplasmic fraction of cell lysates. Briefly, 3 × 10^4^ cells were plated on 96-well plates in 150 μl of culture medium. Forty-eight hours after CPT (1 μM) addition or nutrient restriction, cells were processed according to the manufacturer\'s manual. The mono- and oligonucleosomes were determined using an anti--histone-biotin antibody and an anti--DNA-peroxidase antibody. The resulting color development, which was proportional to the amount of nucleosomes captured in the antibody sandwich, was measured at 405-nm wavelength using a Benchmark microtiter plate reader (Bio-Rad, Hercules, CA). Results were expressed as fold change, calculated from the ratio of absorbance of treated samples to that of the untreated ones.

Results {#s0055}
=======

GSC-ECLs Display Differential Degrees of Susceptibility to Stress Conditions {#s0060}
----------------------------------------------------------------------------

CSC resistance to chemo- and radiotherapy is clinically important as most current anticancer agents target the tumor bulk but not the CSC population. Thus, to gain insight into the responses achieved by GSC-ECLs upon DNA damage, we sought to compare how five GSC-ECLs (G02, G03, G07, G08, and G09) that were previously established and characterized in our laboratory [@bb0140] respond to CPT. To do so, we determined the percentage of cell death of GSC-ECLs after 48 hours of 1-μM CPT exposure by PI staining. As indicated in [Figure 1](#f0005){ref-type="fig"}, the tested cell lines responded differently to genotoxic stress. We found that CPT exposure led to a considerable increase in cell death in the G02 (16.5 ± 4%), G08 (14.07 ± 3.96%), and G09 (11.99 ± 3.19%) cell lines ([Figure 1](#f0005){ref-type="fig"}*A*, *gray bars*); however, for the G03 cell line, this increment was only slight (4.98 ± 0.62%). Notably, the G07 cell line was almost totally insensitive to this topoisomerase I inhibitor.Figure 1GSC-ECLs exhibit differential susceptibilities in response to stress conditions. (A) Bar charts show the mean of PI-stained cells 48 hours after CPT or nutrient restriction exposure. Percentage of PI positive cells was determined by flow cytometric analysis. Each bar represents the mean ± S.E.M. of three independent experiments. A one-way ANOVA was used to classify cell lines according to their susceptibility to stress conditions. *R*, resistant; *S*, sensitive. (B) Forty-eight hours after CPT exposure or nutrient restriction, cells were harvested, and cytoplasmatic DNA oligomers were quantified by immunoassay. Results are presented as DNA oligomers fold induction versus untreated control cells, arbitrarily set as 1. Each bar represents the mean ± S.E.M. of three independent experiments performed in triplicate. Student\'s *t* test was used to compare CPT- or NR-treated samples to untreated controls (\**P* \< .05, \*\**P* \< .01, \*\*\**P* \< .001). *a.u.*, arbitrary units; *NR*, nutrient restriction.Figure 1

Tumor cells emerge as a result of genetic and epigenetic alterations of signal circuitries promoting cell growth and survival, whereas their expansion relies on nutrient supply. More specifically, cells possessing flexibility in nutrient utilization will be able to survive under nutrient stress. Keeping this in mind, we wondered whether these GSC-ECLs are susceptible to nutritional stress and, if so, if they will respond equally among them or in a cell line--specific manner as occurred with CPT treatment. To find the answer, we cultured these cell lines in basal medium (deprived of supplements) for 48 hours and assessed cell death. Similarly to what occurred under CPT exposure, nutrient limitation led to a significant decrease in the G08 and G09 cell line viability and a slight decrease in the G03 cell line. Again, no significant changes were observed in the G07 cell line. However, whereas the G02 cell line was very sensitive to CPT, no major changes in its viability were detected under nutritional stress ([Figure 1](#f0005){ref-type="fig"}*A*, *black bars*). After carrying out a one-way ANOVA to compare the responses to stress of the different cell lines, we were able to identify resistant cell lines (R), sensitive cell lines (S), and some that could not be classified as either (S/R) ([Figure 1](#f0005){ref-type="fig"}*A*).

The loss of cell viability was accompanied by morphological changes such as ballooning and cell detachment, which are suggestive of apoptotic processes (data not shown). Thus, to investigate whether the observed decrease in cell viability was due to the induction of apoptosis, we determined cell death levels of stressed and unstressed cells by quantifying cytoplasmatic DNA oligomers. Results indicate the presence of significantly higher levels of histone-bound oligonucleosomes in CPT-treated cells compared to nontreated counterparts, ranging from approximately 2- to 25-fold increase in the G07 and G08 cell lines, respectively. Interestingly, nutritional restriction led to an increase in the percentage of DNA oligomers only in some cell lines. Concordant with our previous data obtained by PI staining, the G08 and G09 cell lines were more susceptible to nutrient and growth factors deprivation, whereas the G02, G03, and G07 cell lines appeared to be relatively insensitive ([Figure 1](#f0005){ref-type="fig"}*B*).

Stress Conditions Promote Cell Cycle Arrest in GSC-ECLs {#s0065}
-------------------------------------------------------

To further elucidate if the loss of cell viability after CPT exposure was accompanied by changes in cell proliferation, we measured BrdU incorporation by flow cytometry. As judged by BrdU labeling, CPT treatment led to an almost complete inhibition of DNA replication. In the case of nutrient restriction, all tested cell lines displayed a partial reduction in their BrdU incorporation ([Figure 2](#f0010){ref-type="fig"}*A*).Figure 2(A) Stress conditions reduce GSC-ECL proliferation. Cells were subjected to CPT or nutrient restriction (NR), or left untreated for 48 hours. Then, cells were pulse labeled with BrdU for 2 hours prior to harvesting and stained with BrdU-APC conjugate and with 7-amino-actinomycin D (7-AAD) for determination of DNA synthesis and DNA content, respectively. A representative flow cytometry plot is shown for each experimental condition. Dot plots show incorporation of BrdU into DNA (*y*-axis) against DNA content (7-AAD staining; *x*-axis). The percentage of cells in S phase was determined by quantifying BrdU^+^ events. (B) Representative histograms of PI-stained CPT-treated (1 μM) GSC-ECLs over a 72-hour period or untreated cells. Percentage of PI positive cells was determined by flow cytometric analysis.Figure 2

Importantly, we found that cells endowed with a higher proliferation rate when unstressed were the ones that were more sensitive to CPT-induced DNA damage ([Figures 1](#f0005){ref-type="fig"} and [2](#f0010){ref-type="fig"}*A*). This is in accordance with the fact that the cytotoxicity of CPT is highly S phase specific. Thus, we wondered whether the CPT-resistant phenotype exhibited by the G03 and G07 cell lines was associated with their low proliferating rates. It stands to reason that possibly during the time frame of CPT exposure, a great proportion of the G03 and G07 cell populations did not have enough time to enter S phase and thereby had not been affected by CPT toxicity. To solve this issue, we extended the time of CPT exposure for up to 72 hours and assessed cell death. Importantly, the G03 cell line, which displays an intermediate susceptibility (S/R) at 48 hours, finally was sensitive to CPT at 72 hours posttreatment. On the contrary, the G07 cell line maintained its resistance to genotoxic stress at this time point ([Figure 2](#f0010){ref-type="fig"}*B*).

p21^Cip1^ and p27^Kip1^ Expression in GSC-ECLs {#s0070}
----------------------------------------------

Initially, we examined the expression levels of p21^Cip1^ and p27^Kip1^ in GSC-ECLs. Real-time RT-PCR analysis showed that all tested cell lines express similar levels of p21^Cip1^ mRNA except for G02, which expresses higher levels of this transcript ([Figure 3](#f0015){ref-type="fig"}*A*). In parallel, we performed Western blots analysis and observed that p21^Cip1^ protein levels were practically below the detection threshold ([Figure 3](#f0015){ref-type="fig"}*B*). Similarly, p27^Kip1^ mRNA expression levels did not significantly differ among all studied cell lines ([Figure 3](#f0015){ref-type="fig"}*A*). However, we found that GSC-ECLs expressed easily detectable amounts of p27^Kip1^ protein, which was more abundant in the G07 cell line ([Figure 3](#f0015){ref-type="fig"}*B*). Interestingly, we determined that, within these cell lines, there was not a tight correlation between p27^Kip1^ mRNA levels and the corresponding protein product. These findings suggest that mechanisms controlling protein concentration (e.g., many steps in transcription and translation as well as degradation) may operate distinctively in each cell line.Figure 3p21^Cip1^ and p27^Kip1^ expression in GSC-ECLs. (A) Analysis of p21^Cip1^ and p27^Kip1^ mRNA expression levels by quantitative RT-PCR in GSC-ECLs. RPL7 expression was used as normalizer. Graphs show mRNA fold change relative to G02 cell line. Bars represent the mean ± S.E.M. of three different experiments performed in triplicate. (B) p21^Cip1^ and p27^Kip1^ protein levels were analyzed by Western blot. Actin was used as loading control. (C) The intensity of p27^Kip1^ and corresponding actin band was evaluated by densitometric analysis. Values were normalized to actin, and intensity is expressed as fold change relative to G02 line expression. A Newman-Keuls test was conducted to detect significant differences between cell lines (\**P* \< .05).Figure 3

CSCs frequently give rise to a differentiated progeny that has lost the ability for self-renewal. Therefore, this would imply that remnant regulatory mechanisms that guide the differentiation process are still present in cancer cells. Therefore, to gain insight into the differentiation process of GSC-ECLs, we assessed by immunofluorescence staining the expression of p21^Cip1^ and p27^Kip1^ in G08 and G09 cell lines 14 days after differentiation onset. Similarly to what we observed in undifferentiated cells, p21^Cip1^ immunoreactivity was almost completely absent in differentiating cells (data not shown). On the other hand, we found that p27^Kip1^ was present in nearly all differentiated cells. Importantly, cells exhibiting protruding processes and expressing the neuronal marker MAP2 appeared intensely stained for p27^Kip1^ ([Figure 4](#f0020){ref-type="fig"}). However, astrocyte-like cells (MAP2^−^) showed lower p27^Kip1^ immunoreactivity which could only be detected in the nucleus ([Figure 4](#f0020){ref-type="fig"}, *white arrows*). GSC-ECLs significantly diminish their proliferation rates at day 14 of differentiation [@bb0140]. The fact that p27^Kip1^ but not p21^Cip1^ is present in the nucleus of differentiated cells suggests that this Cip/Kip may be involved in mechanisms that govern CSC transition to a postmitotic state.Figure 4Differentiated glioma stem cells express high levels of nuclear p27^Kip1^. Representative phase contrast and immunofluorescent images of G08 and G09 cell lines after 14 days under differentiating conditions (bFGF and EGF withdrawal). Cells were stained with antibodies against MAP2 and p27^Kip1^. Nuclei were counterstained with DAPI. Objective 20×; scale bar: 50 μm. White arrows point to less intensely labeled astrocyte-like cell nuclei.Figure 4

Stress Conditions Induce the Expression and the Relocalization of p21^Cip1^ and p27^Kip1^ in GSC-ECLs {#s0075}
-----------------------------------------------------------------------------------------------------

A better understanding of the molecular mechanisms that impact CSC response and resistance to treatments may be helpful in predicting clinical outcome and developing more effective therapies for different subtypes of high-grade gliomas. In this sense, considerable evidence exists demonstrating the roles of cell cycle mediators in determining a cell\'s fate upon different forms of stress [@bb0080], [@bb0145], [@bb0150]. Thus, to investigate possible molecular mechanisms underlying the responses of GSC-ECLs to CPT and to nutrient restriction, we explored changes in the expression levels of p21^Cip1^ and p27^Kip1^ under these stress conditions. Real-time RT-PCR analysis revealed that p21^Cip1^ mRNA expression levels robustly increased at both 24 and 48 hours after CPT addition in all cell lines. Contrarily, with the exception of G03 cell line, no significant changes in p21^Cip1^ mRNA expression levels were observed in cells exposed to nutrient restriction. On the other hand, p27^Kip1^ mRNA levels did not vary significantly upon treatments ([Figure 5](#f0025){ref-type="fig"}*A*). Next, we performed Western blot analysis to evaluate if there was a correlation between the mRNA expression and the corresponding protein levels. As indicated in [Figure 5](#f0025){ref-type="fig"}*B*, p21^Cip1^ expression was robustly induced only in CPT-treated cells. Conversely, a marked increase in the levels of p27^Kip1^ was observed 48 hours after genotoxic stress or nutrient restriction.Figure 5p21^Cip1^ and p27^Kip1^ abundance after CPT exposure or nutrient restriction in GSC-ECLs. (A) Analysis of p21^Cip1^and p27^Kip1^ mRNA expression levels by real-time RT-PCR in GSC-ECLs after CPT treatment or nutrient restriction over a 24- or 48-hour period. RPL7 expression was used as normalizer. Graphs show mRNA fold change relative to untreated control cells, arbitrarily set as 1. Bars represent the mean ± S.E.M. of three different experiments performed in triplicate. Student\'s *t* test was used to compare CPT- or NR-treated to untreated samples (\**P* ˂ .05, \*\**P* \< .01, \*\*\**P* \< .001). (B) Western blot analysis of GSC-ECLs under control conditions and after 48 hours of CPT exposure or nutrient restriction. Antibodies against p21^Cip1^, p27^Kip1^, and actin (loading control) were used.Figure 5

An important aspect of p21^Cip1^ and p27^Kip1^ functions is associated with their cellular localization. Thus, to investigate whether CPT treatment or nutrient restriction modulates the subcellular localization of these Cip/Kips, we assessed p21^Cip^ and p27^Kip1^ distribution by fluorescence microscopy. In accordance with Western blot results, immunofluorescence staining revealed a strong induction of p21^Cip1^ in CPT-treated cells. Importantly, p21^Cip1^ showed a marked nuclear localization. Again, the expression levels of p21^Cip1^ were undetectable in unperturbed or nutrient-restricted cells. With regard to p27^Kip1^, both experimental conditions led to an increase in the nuclear abundance of this Cip/Kip, which was more evident in CPT-treated cells ([Figure 6](#f0030){ref-type="fig"}).Figure 6p21^Cip1^ and p27^Kip1^ expression and localization in GSC-ECLs exposed to stress conditions. Immunofluorescence staining of CPT-treated (1 μM) or nutrient-restricted cells over a 24-hour period. The figure shows representative photomicrographs of G07, G08, and G09 cells stained with primary antibodies against p21^Cip1^ and p27^Kip1^. Nuclei were counterstained with DAPI. Objective 20×; scale bar, 50 μm.Figure 6

siRNA-Mediated Gene Silencing of p21^Cip1^ and p27^Kip1^ Sensitizes GSC-ECLs to Genotoxic Stress {#s0080}
------------------------------------------------------------------------------------------------

Because p21^Cip1^ and p27^Kip1^ are induced by genotoxic stress and high-grade gliomas display an elevated tumor recurrence after standard treatments, we wondered if these Cip/Kips may contribute to GSC-ECL chemoresistance. To address this issue, we examined the effect elicited by specific siRNAs targeting p21^Cip1^, p27^Kip1^, or both in the cellular response triggered by CPT. To do so, we first transfected G07, G08, and G09 cell lines with the specific siRNAs, and 48 hours posttransfection, we determined the expression levels of p21^Cip1^ and p27^Kip1^ mRNAs by real-time RT-PCR. In all cases, we found that the levels of the target transcripts decreased significantly ([Figure 7](#f0035){ref-type="fig"}*A*). We also corroborated that the expression levels of p21^Cip1^ and p27^Kip1^ were not affected when nontargeting (NT) siRNA was used as negative control. Additionally, 24 hours after CPT exposure, we performed immunofluorescence assays to determine the expression levels of p21^Cip1^ and p27^Kip1^ in siRNA-transfected cell populations. We observed that even in the presence of genotoxic stress, the expression of each Cip/Kip was markedly reduced with respect to that determined in the NT siRNA--transfected counterparts ([Figure 7](#f0035){ref-type="fig"}*B*).Figure 7p21^Cip1^ and p27^Kip1^ downregulation affects proliferation and viability of GSC-ECLs. (A) mRNA expression levels of p21^Cip1^ and p27 ^Kip1^ in NT-, p21^Cip1^-, p27^Kip1^-, or dual-siRNA--transfected G08 cells were analyzed 48 hours posttransfection by real-time RT-PCR. RPL7 expression was used as normalizer. Graph shows mRNA fold change relative to NT-siRNA transfectants, arbitrarily set as 1. (B) Representative immunofluorescent images of NT-, p21^Cip1^- or p27^Kip1^-siRNA transfectants exposed to CPT (1 μM, 24 hours) 24 hours posttransfection. Cells were stained with antibodies against p21^Cip1^ and p27^Kip1^. Nuclei were counterstained with DAPI. (C) G07, G08, and G09 cells were transfected with NT-, p21^Cip1^-, p27^Kip1^-, or dual-siRNA and exposed to CPT 24 hours posttransfection. Bar charts show the mean of PI-stained cells 48 hours after CPT addition. Each bar represents the mean ± S.E.M. of three independent experiments. Student\'s *t* test was used to compare p21^Cip1^-, p27^Kip1^-, or dual- to NT-siRNA transfectants (\**P* \< .05). (D) Twenty-four hours posttransfection with the corresponding siRNA, G08 and G09 cells were left untreated or subjected to CPT for 24 hours. A representative flow cytometry plot is shown for each experimental condition. Dot plots show incorporation of BrdU into DNA against DNA content. The percentage of cells in S phase was determined by quantifying BrdU^+^ events.Figure 7

To establish if p21^Cip1^ and p27^Kip1^ are involved in mechanisms that confer resistance of GSC-ECLs to stress conditions, we measured cell death after silencing these Cip/Kips either individually or simultaneously under basal conditions or when subjected to genotoxic stress. When evaluating the effect of siRNA-mediated gene silencing in unstressed cells, no changes in the extent of cell death were observed. In contrast, when cells were exposed to CPT, we found that only the simultaneous silencing of p21^Cip1^ and p27^Kip1^ led to a significant increase in cell death in the G08 and G09 cell lines. Strikingly, in the G07 cell line, no changes were observed under these conditions ([Figure 7](#f0035){ref-type="fig"}*C*).

siRNA-Mediated Gene Silencing of p21^Cip1^ and p27^Kip1^ Increases Proliferation and Impairs the Cell Cycle Arrest After DNA Damage {#s0085}
-----------------------------------------------------------------------------------------------------------------------------------

The observed increase in p21^Cip1^ and p27^Kip1^ and their nuclear localization triggered by CPT suggest that these proteins are necessary to block cell cycle progression of GSC-ECLs exposed to genotoxic stress, thereby preventing cell death. To assess this, we first evaluated G08 cell line viability and cell cycle arrest along the first 24 hours post-CPT addition. We found that CPT led to an almost complete cell cycle halt without a significant increase in cell death (data not shown). Then, to gain insight into the role of p21^Cip1^ and p27^Kip1^ in cell cycle regulation, we used siRNA to target both Cip/Kips in G07 and G08 cell lines (a resistant and a sensitive cell line, respectively) and determined cell proliferation by BrdU incorporation before and 24 hours after genotoxic insult. Silencing of p21^Cip1^ and p27^Kip1^ in untreated cells led to a marked increment in the percentage of BrdU^+^ cells, which implies that these Cip/Kips negatively regulate cell cycle progression in unperturbed cells. Furthermore, in both G07 and G08 cell lines, simultaneous knockdown of p21^Cip1^ and p27^Kip1^ significantly impaired cell cycle arrest upon CPT exposure ([Figure 7](#f0035){ref-type="fig"}*D*). This finding suggest that, in GSC-ECLs, the DDR induces p21^Cip^ gene expression and stabilizes p27^Kip1^ protein product to mediate cell cycle arrest to give time to repair the damaged DNA and prevent excessive cell death.

Discussion {#s0090}
==========

High-grade gliomas are extremely lethal infiltrative primary brain tumors that cannot be completely removed by surgery. Even with the current standard treatment, involving surgery, radiation, and chemotherapy with temozolamide, the median life expectancy of high-grade gliomas is 15 to 18 months [@bb0010]. The almost total recurrence of these tumors is due to an incomplete eradication of tumorigenic cells. To this end, the emergence of the CSC theory has brought consciousness to the fact that eradicating CSCs may be critical to overturn treatment resistance. CSCs resist treatments due to several mechanisms. One such mechanism involves the active transport of chemotherapeutic agents to the extracellular space via ABC-type transporters on the cell surface. Other mechanisms include the upregulation of antiapoptotic proteins; the DNA damage checkpoint; and the activation of distinct molecular networks including Notch, NF-κB, EZH2, and PARP signaling [@bb0050], [@bb0155], [@bb0160], [@bb0165], [@bb0170]. Besides, gliomas usually display altered cell cycle profiles such as deletions of *CDKN2A* and *RB1* genes and overexpression/amplification of *CDK4* and/or *CDK6* [@bb0175], [@bb0180], [@bb0185]. These alterations result in cell cycle checkpoints' failure. When checkpoint arrest control is compromised, initiation of S phase or mitosis may proceed despite cellular damage [@bb0150]. Thus, unraveling the role of cell cycle regulators in controlling glioma CSC radio- and chemoresistance is essential for the development of innovative targeted cancer therapies.

Cip/Kips promote cell cycle arrest in response to antiproliferative signals such as DNA damage or growth factor withdrawal [@bb0190]. However, these inhibitors also participate in numerous cell cycle--independent functions, such as apoptotic processes, cell migration, and DNA repair [@bb0145]. Given their multiple roles, the cellular and molecular context in which they are found will determine whether they function as tumor suppressors or as oncogenes. These considerations, together with the fact that all tested GSC-ECLs harbor homozygous deletion of *CDKN2A/ARF*, prompted us to explore the role of two Cip/Kip family members, p21^Cip1^ and p27^Kip1^, in the cellular response to stress conditions. In this scenario, we evaluated the susceptibility of different GSC-ECLs to genotoxic or nutritional stress. Our findings allowed us to classify the tested cell lines after genotoxic exposure or nutrient restriction into groups either sensitive or resistant. Consistent with the fact that the cytotoxicity of CPT is S phase specific, we found that lines displaying higher levels of BrdU incorporation were more sensitive to topoisomerase I inhibition. Also, under nutritional stress, these cell lines responded distinctively. Although the tested GSC-ECLs differ considerably in their resistance to stress conditions and proliferative capacity, they did not show considerable differences with respect to p21^Cip1^ and p27^Kip1^ expression levels. Moreover, in studied cell lines, these Cip/Kips underwent a similar regulation in response to differentiating conditions. Similarly to what occurs during neurogenesis, a marked increase in p27^Kip1^ expression levels was observed [@bb0195]. This finding suggests that the role of this Cip/Kip is preserved in glioma CSC differentiation. In this regard, it has been reported that high expression of p27^Kip1^ is associated with a better prognosis in malignant gliomas [@bb0200]. This correlation could be explained, at least in part, by considering that tumors harboring higher expression of this protein could correspond to more differentiated and therefore less aggressive tumors.

p21^Cip1^ and p27^Kip1^ are well-known inducers of cell cycle arrest in response to genotoxic and nutritional stress [@bb0190]. Thus, the study of how these Cip/Kips are regulated in response to stress conditions in patient-derived GSC-ECLs is relevant. To this end, we determined that p21^Cip1^ and p27^Kip1^ were induced upon CPT exposure in all tested cell lines. Contrarily, in nutrient-restricted cells, only p27^Kip1^ was upregulated. In all cases, a predominant nuclear localization of these Cip/Kips was observed upon stress. The response displayed by p21^Cip1^ was expected as this protein is a recognized key player in the DDR [@bb0080]. However, to the best of our knowledge, the role of p27^Kip1^ in the DDR of glioma CSCs was currently unclear.

Given the molecular complexity and the intertumor heterogeneity present in high-grade gliomas, patient-derived GSC-ECLs raise the possibility of studying the DDR in a cell line--specific manner, paving the way to the development of tailor-made therapies. Thus, by silencing p21^Cip1^ and p27^Kip1^ in resistant and sensitive GSC-ECLs, we evaluated the role of these Cip/Kips in cell survival after DNA damage. siRNA-mediated downregulation allowed us to determine that, in two sensitive cell lines (G08 and G09), p21^Cip1^ and p27^Kip1^ appeared to be relevant to prevent cell death when facing genotoxic stress. Strikingly, in the aforementioned cell lines, only the simultaneous silencing of both Cip/Kips caused an increase in DNA damage--induced cell death. Furthermore, the dual silencing also impaired the ability of glioma stem cells to arrest cell cycle after CPT exposure, which could explain, at least in part, the observed increment in cell death. Therefore, the lack of these proteins may contribute to sensitize glioma CSCs to chemotherapeutic agents. On the other hand, no appreciable changes were detected when silencing p21^Cip1^ and p27^Kip1^ in the resistant cell line (G07). Nevertheless, as occurred in a sensitive cell line, the simultaneous silencing of both Cip/Kips caused a defective cell cycle halt in DNA-damaged cells. The highly resistant phenotype of this cell line (even in the absence of p21^Cip1^ and p27^Kip1^) could be attributed to a disconnection between apoptosis, DDR, and cell cycle checkpoint regulation, rendering cells less vulnerable to genotoxic agents. These results, together with the fact that both Cip/Kips were upregulated and localized in the nucleus after CPT treatment, indicate that these proteins may have functional redundancy in the regulation of cell cycle progression in response to DNA damage in glioma stem cells.

The complex network regulating p21^Cip1^ and p27^Kip1^ functions warrants caution with regard to its application for cancer therapy. In this sense, our findings suggest that these proteins may be exerting antagonistic functions in glioma stem cells. Although p21^Cip1^ and p27^Kip1^ confer protection against DNA damage, they also negatively control proliferation of GSC-ECLs. Thus, the downregulation of these proteins may lead to uncontrolled tumor cell proliferation. The results presented herein highlight the importance of p21^Cip1^ and p27^Kip1^ in the cell cycle control and drug resistance of glioma stem cells, providing new insights into the field of glioma biology.
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